Object. Previous studies have demonstrated that patients with spinal fusion are at greater risk for adjacentsegment disease and require additional surgery. It has been postulated that excessive motion of a given motion segment unit (MSU) leads to an increased risk of disc degeneration. It is the authors' hypothesis that a greater increase in adjacent-segment motion will be observed following a 2-level versus a single-level anterior cervical discectomy and instrumented fusion (ACDF). Therefore, they undertook this study to determine the effect of single-level versus 2-level ACDF on the biomechanics of adjacent MSUs.
C erviCal spondylosis is a degenerative disorder that can result in radiculopathy and myelopathy. Anterior cervical discectomy and instrumented fusion is a well-established treatment modality that can achieve good to excellent clinical results in the appropriately chosen patient. [1] [2] [3] [4] [5] 9, 11, 19 However, studies have suggested an increased rate of ASD after ACDF that may necessitate further surgery. 10, 12, 15, 16, 24, 26 Many factors have been implicated in the development of ASD. It is currently unclear as to what contribution the cervical arthrodesis plays versus the natural history of spondylotic disease in ASD. [1] [2] [3] [10] [11] [12] [13] [14] [15] [16] [17] [18] 21, 24, 28 Altered biomechanics and additional stresses caused by the fused MSU possibly play a significant role. 8, 22, 23, 25 Biomechanical studies have demonstrated excessive motion and increased intradiscal pressure at adjacent levels after spine fusion. 8, 22, 23, 25 Eck et al. 8 specifically examined fusion in the cervical spine and demonstrated increases in intradiscal pressure and segmental motion at adjacent levels after single-level plating at the C5-6 level. The authors postulated that these biomechanical alterations might accelerate the normal degenerative changes that occur at levels above or below a cervical spine fusion.
Adjacent-level biomechanics after single versus multilevel cervical spine fusion
To our knowledge, there is no study specifically examining the effect on adjacent-segment biomechanics of single-versus multilevel cervical spine fusion. It is our hypothesis that a 2-level fusion will result in increased segmental motion at adjacent levels compared with a singlelevel fusion. We sought to perform a biomechanical study in human cadaveric cervical spines to examine this effect.
Methods
Ten fresh-frozen cadaveric cervical spines (C3-T1), 5 male and 5 female with an average age of 54.1 ± 10.7 years, were used for this study. Each specimen was thawed to room temperature and stripped of all musculature, taking great care to preserve the spinal ligaments, facet capsules, and bone. Before proceeding with testing, anteroposterior and lateral radiographs of the spines were obtained to rule out any anatomical abnormality and make sure the spines were suitable for testing. If a specimen had abnormalities, such as tumors, fractures, significant degenerative disease, disc space narrowing, or extreme osteophyte formation, the specimen was not used and another one was chosen in its place. They were then randomized to either Group 1 or Group 2.
The cervical spine specimen was potted at C-4 in PMMA and then mounted inverted onto the testing block. The spine was mounted such that T-1 (now the top part of the specimen) would achieve a 14° tilt, thereby recreating the natural angle of the T-1 vertebral body in a normal spine. Next, the loading fixture and follower bar were mounted to the inferior endplate of T-1 with PMMA. The load block was carefully aligned in the center of the spinal construct, and the follower bar was made level and parallel. The specimens were mounted in an inverted neutral orientation, where T-1 was attached to the upper fixture and C-4 was mounted on a fixed base to simulate in vivo conditions by inducing a greater moment at T-1 than at C-4 ( Fig. 1 ). 7 Plastic brackets, which were specially constructed for this study to be small enough to use in the cervical spine, housed 3 light-emitting diodes each. The bracket and lightemitting diode setup work in conjunction with the Selspot 3D Motion Measurement System, which was used to track motion. A total of 4 brackets were used in this study, attached to the transverse and spinous processes of the cervical spine.
The testing block with the mounted specimen was loaded onto a 6-df load-cell (Advanced Mechanical Technology, Inc.), which was secured to the 858 MiniBionix II testing machine (MTS Systems Corp.). To induce a proper coupled flexion and extension movement, a 13-N preload weight was added to the test specimen in flexion at a distance of 17 cm from the center of the T-1 vertebra, to establish a 2.2-Nm flexion moment. A roller attached to the crosshead of the MTS machine was then applied to the lever arm so that with the flexion-extension axis of the spine placed eccentric to the load axis of the actuator, the flexion-extension bending moment of the spine was achieved. The roller allowed the load point to move in the anteroposterior direction without external shear loads developing. 7 A sinusoidal ROM was established at 0.25 Hz in displacement control, using an inclinometer to achieve 30° of flexion and 15° of extension, making sure not to exceed a 2.8-Nm extension moment. Through the study, if the maximum flexion or extension moments were reached before 30° of flexion or 15° of extension was established, the resulting angle measurements were recorded with the inclinometer. The data provided in Results were recorded after a steady state was reached, approximately 10 preconditioning cycles.
We chose to use the single actuator adaptable programmable testing apparatus method described by DiAngelo et al. 7 because it provides a realistic way to load the entire cervical spine while allowing for coupled motions during sagittal plane movements and application of a gradient of moments along the MSUs simulating the loading from the skull. As the spine flexes and extends, the lever arm of the applied load shifts, simulating the shift of the center of gravity of the skull while maintaining a realistic gradient of moments along each motion segment. When 4 motion segments of the cervical spine were allowed to move freely, the ROM was 45° and the total stroke of the MTS machine was about 90 mm and the moment was about 2.2 Nm. This represented the neutral zone plus the beginning of the resistance at the ends of the neutral zone. Because of the large stroke range, it was necessary to use stroke control to operate the test. As the levels were fused, the total neutral zone motion for the 4 levels was reduced, and resistance was reached with less total excursion. Therefore, the limit of excursion of the MTS machine had to be reduced to ensure that the test was nondestructive. Thus, the motion that produced 2.8 Nm was used as the cutoff for this nondestructive test. DiAngelo et al. 7 reported similar problems with their nondestructive testing regimen. They ended the cycle if the limit of the overall movement, overall motion, peak load applied, or total internal load measurement was reached. These types of "adjustments" are necessary for any type of large displacement model with multiple linkages when there are significant changes in the large displacements.
Specimens were tested in the following 3 conditions: 1) intact, 2) after single-level fusion, and 3) after 2-level fusion. After baseline testing of the intact specimens, a single-level ACDF was performed. After standard discectomy, the superior and inferior endplates were burred away, and PMMA was placed within the disc space and interdigitated into cancellous bone to simulate an osseous fusion. Plate and screw fixation (SWIFT Dynamic Anterior Cervical Plate System, DePuy Spine) was then performed, taking great care to recreate the normal lordosis of the cervical spine prior to hardening of the cement. Plates were appropriately sized to be no closer than 5 mm to adjacentlevel disc spaces. Screws all measured 14 mm in length and were placed unicortically. Great care was taken to keep the plates from encroaching on the adjacent disc spaces with a minimum of 5 mm.
Group 1 specimens were initially fused at C5-6, while the specimens in Group 2 were first fused at C6-7. After testing of the single-level ACDF, a 2-level ACDF was performed in the same fashion and the testing was repeated. Load/displacement measurements, segmental ROM, and overall ROM were recorded. Comparisons were made using a paired Student t-test, and statistical significance was set at a p value < 0.05.
Results
For all 10 specimens examined together, it was found that there was a decrease of 13.68% in the overall ROM of the spinal construct when going from a single-to 2-level fusion (p = 0.0014) (Fig. 2 and Table 1 ). There was an increase in stiffness of 37% in extension (p = 0.052) and 31% in flexion (p = 0.013) when comparing a 2-level versus a single-level fusion (Fig. 3 and Table 2 ). Focusing on the 2-level fusion compared with singlelevel fusion, the results indicated an increase in sagittal motion at adjacent levels, both above and below the fused segments. An overall increase in sagittal ROM of 31.30% (p = 0.012) above and 33.8% (p = 0.067) below the fused MSU was found when comparing a 2-level with a singlelevel ACDF (Fig. 4 and Table 3 ).
Discussion
In a landmark paper, Hilibrand and Robbins 16 reported the incidence of ASD in a 10-year follow-up series of 374 patients. Symptomatic ASD developed at an incidence of 2.9% per year over the course of 10 years after ACDF. It is unclear whether altered biomechanics from the arthrodesis, progressive spinal degeneration with age, or some combination of the two are the cause of ASD. [1] [2] [3] [10] [11] [12] [13] [14] [15] [16] [17] [18] 21, 24, 27 White and Panjabi 26 found that there is a strong correlation between increased motion and the risk of developing ASD. They hypothesized that as motion between adjacent vertebral bodies increases, the risk of developing ASD increases as well.
Eck et al. 8 hypothesized that by eliminating motion at a given spinal level, the remaining MSUs would take on a greater load to achieve the same ROM. Using a cervical spine cadaveric model, they demonstrated that adjacentlevel intradiscal pressures were significantly increased during applied flexion after anterior plating of the C5-6 level. They also showed greater increases in intradiscal pressure at the C4-5 level, which coincided with greater increases in segmental motion at this same level. The same phenom- enon was observed at the C6-7 level during extension, but the results were not statistically significant. It was therefore concluded that there is a direct correlation between pressure and motion at an MSU adjacent to a fusion. 8 Our study proves that the biomechanics affecting levels adjacent to an arthrodesis do change from a single-to a multilevel fusion in the cervical spine. The results indicated a statistically significant increase in the overall stiffness of the entire spinal construct of 31% in flexion as a second level was fused (p = 0.013). There was a trend toward an increase in stiffness in extension (37%), but with the numbers available, this was not statistically significant (p = 0.052). The change in stiffness is important given that a patient who has a 2-level fusion would need to apply more force on the nonfused levels to achieve the same motion that a single-level fusion would require. The overall sagittal ROM of the entire spinal construct was found to have decreased significantly by 14% as the second level was fused (p = 0.0014).
The most important conclusions attained from this study dealt with the segmental motion at levels adjacent to the arthrodesis. Our results indicated that a 2-level fusion increases the sagittal ROM at the adjacent levels above (31.3%) and below (33.8%) the fused segment when comparing a 2-level with a single-level ACDF. These results were only statistically significant for the level above (p = 0.012) but did approach significance (p = 0.067) for the level below the fusion. Even though we did not obtain pressure measurements, from the work of Eck et al. 8 it can be presumed that pressures were increased at these adjacent levels as sagittal motion increased from a single-to multilevel ACDF.
It has long been hypothesized that longer fusions cause greater stresses at adjacent levels and likely lead to ASD. Contrary to these findings, Hilibrand et al. 15 demonstrated a lower rate of symptomatic ASD after a multilevel versus single-level cervical arthrodesis. The authors believed that this could be explained by the fact that the multilevel fusions included the "higher risk levels" in the cervical spine. Even so, they did demonstrate that cervi- cal motion segments with greater ROM had a higher incidence of ASD.
The most obvious limitation of the study lies in the use of cadaveric spines and in vitro testing conditions. A previous study examining single-level fusions in vivo failed to demonstrate increased mobility at adjacent levels on radiographs obtained after 1 year. It is possible that the changes in biomechanics following a single-level fusion are too small to quantify using standard radiographs or that at 1 year ASD has already affected the biomechanics at adjacent MSUs. Also, the investigators did not look at multilevel fusions, which may have demonstrated a significant difference in motion at adjacent levels. 20 Another major weakness of the study is the inability to randomize the fusions performed, with the 2-level always following the single-level fusion. This potentially could have altered the kinematics of the specimens with more motion being observed during the second stage of testing.
The strengths of the study include our relatively large number of specimens and a potentially improved ACDF model. We believe that the placement of PMMA in the disc space may better simulate a fused MSU in the cervical spine than previous biomechanical studies have done. Eck et al. 8 simply applied an anterior plate to prevent motion, and no discectomy was performed and no interbody device was placed. The use of PMMA serves as a grout and interdigitates with bone, attempting to simulate bone ingrowth and fusion. In addition, to our knowledge this is the first study examining biomechanical changes to the cervical spine when comparing single-versus multilevel fusions.
The concern of development of ASD after fusion has prompted interest in artificial disc replacement. In another cadaveric biomechanical study, DiAngelo et al. 6 examined the effect of the ProDisc-C (Synthes) versus fusion on the addressed level, as well as the adjacent levels. Fusion was simulated by placing external fixators across the C5-6 segment. Compared with the artificial disc, the fixators significantly decreased motion at the fusion level and resulted in increased motion at adjacent levels. In an in vivo nonrandomized study, Wigfield et al. 27 demonstrated that fusion results in increased motion at adjacent levels compared with total disc replacement in the cervical spine. Both of these studies concluded that cervical artificial disc replacement may help decrease the incidence of adjacent-level disease. It is possible that artificial disc replacement may help maintain kinematics in the setting of 2-level disease and may potentially decrease the incidence of transition syndrome in this setting. Further laboratory and clinical investigations are clearly necessary.
Conclusions
We have demonstrated that a 2-level ACDF has altered biomechanics in a cadaveric cervical spine model compared with a single-level ACDF. Most importantly, it was shown that a 2-level fusion increases the sagittal ROM at the adjacent level above, possibly leading to greater stresses at this particular MSU. It is possible that this hypermobility and increased stress may predispose this MSU to earlier degeneration and ASD. Further in vivo work examining the possible deleterious effects of such altered biomechanics is warranted.
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